Topographical features on a substrate can greatly influence stem cell fate through contact guidance. While the response of stem cells to topography at the nano-, micro-, and mesoscale has been studied extensively, little is known about the interplay of surface features acting simultaneously across multiple length scales. A limiting factor has been the availability of high throughput methods for probing the potentially unlimited parameter space. Herein we describe a facile method for rapidly generating a hierarchy of multiscaled topographical features on polymer substrates via the self-assembly of surfactants at the monomer/water interface. Having previously assembled polydimethylsiloxanediacrylate (PDMS-DA) into surfaces resembling multiple tissue morphologies, the current study refines this method to produce biocompatible substrates. To manage the large parameter space, we limit the scope of this study to surface features spanning nanometer (< 1 µm) and micrometer (1-50 µm) length scales, which arise both individually and in combination. Adipose-derived stem cells were plated onto five surface types and their morphology, proliferation, and osteogenic differentiation were assessed after noninductive and osteogenic culture. We observed statistically significant differences in cellular responses to each surface. Among our observations, the increased osteogenesis of cells on surfaces with nano-scaled features superimposed over micro-scaled features suggests that such hierarchical surface structure mediates the osteogenic properties of a surface.
INTRODUCTION
Several recent biomaterial studies have focused on the development of scaffolds with surface topographies that closely resemble that of human tissues [1] [2] [3] [4] . The application of such structural cues has been shown to influence cellular behavior and tissue morphogenesis [5, 6] . In vitro studies on artificial surfaces have demonstrated that structure alone significantly affects the organization of cells through contact guidance, and certain nano-patterns have reportedly induced differentiation in the absence of media components [7] [8] [9] [10] [11] [12] [13] . Nanotopography-directed osteogenesis in particular has been demonstrated in mesenchymal stem cells of adipose and bone marrow derivation, on polymer, biologic, and metallic surfaces [14] [15] [16] [17] [18] [19] . A key limitation of tissue engineering scaffolds is the inability of conventional micro-and nanofabrication methods to match the complexity of the extracellular matrix (ECM). The ECM presents a hierarchy of topographical features from the nano-to macro-scale that template tissue growth. These
MATERIALS AND METHODS

Reagents
All reagents were purchased from Sigma Aldrich and used without further purification unless otherwise noted. Bis(2,4,6-trimethylbenzyol)-phenylphosphine oxide (Irgagure 819, Ciba Chemicals, Switzerland), (3-acryloxy-2-hydroxypropoxy propyl) terminated polydimethylsiloxane (PDMS-DA, Gelest, Inc., 110 cSt viscosity, 7500 g/mol), polyoxyethylene (10) oleyl ether (C18E10), polyoxyethylene (2) oleyl ether (C18E2), polyoxyethylene (2) cetyl ether (C16E2), polyoxyethylene (4) dodecyl ether (C12E4), polyoxyethylene (2) hexyl ether (C6E2), phosphate-buffered saline (PBS), fetal bovine serum (FBS, Atlanta Biologics, USA). The hydrophile-lipophile balance (HLB) values of the five surfactants are provided in Table I . 
PDMS surfaces
Samples were prepared by first dissolving 1 % w/w Irgacure 819 in PDMS-DA by stirring at 60°C for one hour. Next, a surfactant was dissolved in the mixture at 10 % w/w. These were linear nonionic surfactants of the form CiEj, where i refers to the number of carbons in the aliphatic tail, and j refers to the number of repeat units in the polyethylene glycol head group. Five surfactants were tested in all: C6E2, C12E4, C16E2, C18E2, and C18E10. The mixtures were spin-coated on 15 mm-diameter glass coverslips at 6600 RPM for 5 sec to create the desired film thickness. The coated coverslips were attached to the back of a Petri dish and inverted onto water, as shown in Fig. 1 . Self-assembly of the surfactants at the PDMS-DA/water interface resulted in unique and consistent topographies. The systems were allowed to self-assemble for 30 sec before being flash-cured with UV light (80 W system comprising two UV-B bulbs with 7080 W/m 2 at the PDMS/water interface). The flat control surface was created by using PDMS/initiator mixture without surfactant and eliminating the time allowed for self-assembly, beginning UV exposure upon contact with the water. Once the polymer solidified, the coated coverslips were removed from water and dried. They were then visually inspected using a Toshiba TM3000 tabletop scanning electron microscope (SEM). For quantitative topographical analysis, a Zeta Instruments Zeta-20 optical profilometer recorded the 3D height profile at a 100x magnification. Prior to cell seeding, the surfaces underwent a series of graded ethanol washes (70 %, 95 %, 100 %) for 12 h each to leach the cytotoxic photo-initiator and excess surfactant. Although the samples are referred to by the surfactant used to generate the surface topography, the surfactants were removed prior to cell exposure, leaving behind pure PDMS-DA. Samples were subsequently rinsed in phosphate-buffered saline (PBS). Finally, the surfaces were soaked in PBS containing 10 % fetal bovine serum (FBS, Atlanta Biologics, USA) for 24 h in order to coat the surface with proteins to facilitate cell attachment. 
ASC isolation and culture
Humans ASCs were a kind gift of Dr. Jeffrey Gimble. The ASCs were isolated under an Institutional Review Board approved protocol according to published methods [24] . For expansion, ASCs were thawed and cultured in expansion medium: high glucose DMEM (GIBCO Invitrogen, USA) with 10 % fetal bovine serum (FBS; Atlanta Biologicals), 1 % penicillin/streptomycin (GIBCO Invitrogen), and 1 ng/ml bFGF (PeproTech, USA). Cells from a single donor were used at passage four for all experiments. ASCs were seeded onto the prepared surfaces at 5,000 cells/cm 2 and cultured in 500 µl of the appropriate media. Cells were incubated at 37 o C, 5 % CO 2 , and media was changed thrice weekly. To induce osteogenic differentiation, cells were cultured in osteogenic media (OM), which comprised of high glucose DMEM with 10 % fetal bovine serum and 1 % penicillin/streptomycin with additional components 10 mM betaglycerophosphate (Sigma, USA), 50 µM L-ascorbic acid-2-phosphate (Sigma), and 10 nM dexamethasone (Sigma). Samples were harvested at Day 0, 1, 4, and 7 for the proliferation experiments, and Day 21 for the osteogenic differentiation experiments.
Scanning electron microscopy
To examine cell morphology, cellularized surfaces were fixed in 3.7 % formaldehyde in PBS at 4 o C for 16 h. The samples were then washed thoroughly for 5 min in PBS followed by 10 min in deionized water before being frozen at -20 o C. Dehydration was accomplished by lyophilization of the frozen samples. Samples were then sputter coated with platinum before examination with scanning electron microscopy (JEOL 6700F) at 15KV. The images were also used to quantitatively verify the feature sizes reported from optical profilometry. This was performed at the day 1 time point so as to be able to identify individual cells' morphology before confluence or near-confluence.
Optical profilometry
In order to visualize the surfaces in 3D, optical profilometry (Zeta Instruments Zeta-20) was used to record a height profile at 100x magnification. This profile was then used for quantitative topographic analysis, yielding feature size in planar and height dimensions. Calculated from the height distributions were the root-mean-square (RMS) surface roughness (width of the height distribution), skewness (symmetry of the height distribution), and kurtosis (curvature of the height distribution). The root-mean-square roughness measures the degree of deviation from the midplane of the surface and captures the average height and depth of features but not their spacing. Positive kurtosis values indicate a slightly sharper peak and fatter tails relative to a Gaussian, whereas negative values indicate a rounded peak with short tails. Positive skewness values signify that the largest deviations from the mid-plane are protrusions, and negative values indicate that the largest features are depressions.
Cell proliferation
DNA content as a measure of cell number has been established as a surrogate for proliferation in a number of studies [38] [39] [40] [41] . DNA content of the cultures was assessed using the Picogreen assay. ASCs were grown on the surfaces in 24-well plates. Upon harvest, cells were treated with 250 µl of lysis buffer comprised of 0.1 % Triton X-100, 1 mM EDTA, 10 mM Tris, 0.1 mg/mL proteinase K (Sigma). The samples were stored frozen at -20 o C. Immediately preceding analysis, samples were incubated at 50 o C for 16 h. DNA content was then determined using the Quant-It PicoGreen fluorescent quantitation kit (Molecular Probes, Thermofisher Scientific, USA). Samples were added in duplicate to a 96-well plate at a 1:1 dilution with Tris/EDTA buffer. PicoGreen dye diluted to 1:200 with Tris/EDTA was added at 100 µl per well. The plate was then read (excitation 485 nm, emission 530 nm) and DNA content was determined by comparison to standard samples. DNA content was evaluated at Days 0, 1, 4, and 7 for ASCs in growth medium and at Day 21 for ASCs undergoing osteogenic differentiation. The earlier time points were needed to show statistical differences in proliferation, whereas by latter time points, DNA content became roughly the same on all surfaces due to contact inhibition and was instead used for normalizing calcium mineralization.
Calcium quantification
To provide a benchmark for functional outcomes of our surfaces as indicated by literature [42] [43] [44] , calcium deposition was evaluated for the osteogenic differentiation study at 21 days, as calcium deposition at earlier time points was negligible. Samples were separate from those used in the DNA assay and were harvested with 250 µl of 0.5 N HCl. To dissolve mineralized calcium, the samples were kept in the 0.5 N HCl at 4 o C for 16 h with agitation. After centrifuging the sample to pelletize cellular debris, calcium content was quantified from the sample supernatants using the colorimetric Calcium LiquiColor Test (Stanbio, Block Scientific, USA). Supernatant was added in duplicate to a 96-well plate at a 1:1 dilution (0.5 µl sample, 0.5 µl 0.5 N HCl), following which the colorimetric kit components were added. The plate was then read and calcium content determined from reference values.
Phalloidin/DAPI
Cellularized surfaces were fixed in 3.7 % formaldehyde in PBS at 4 o C for 16 h at Day 1. Samples were permeabilized with 500 µl of 0.2 % Triton-X in PBS for 10 min, and then washed in PBS for 5 min. Blocking was completed by incubating the samples in 500 µl of 10 % FBS in PBS for 30 minutes. Samples were then incubated with actin-staining phalloidin-TRITC (1:40, Sigma) for one hour. Following three washes in PBS, cell nuclei were stained with DAPI (1:2000, Sigma, USA) for five minutes. Samples were then mounted and imaged using a Zeiss Axio Observer inverted fluorescence microscope.
Quantitative image analysis
Morphological measurements of immunostaining were completed using Image J software (NIH). Thresholding was applied to fluorescent images from Day 1 of the proliferation study to isolate the cells. In order to determine the average and variance of cell area, counting and analysis was automatically performed using masks around individual cells. The area covered by cells was averaged from two random view fields per sample and two samples per surface.
Statistical analysis
Quantitative results are expressed as means +/-standard error. All experiments were conducted in triplicate (n = 3). Multi-group comparisons were determined by one-way analysis of variance (ANOVA) with the Dunnett's test for post-hoc analysis. Dunnett's test is a modified Student's t-test that allows multiple pair-wise comparisons of various experimental groups to a single control. Significance levels are denoted as *p<0.05, **p<0.01, and ***p<0.001.
RESULTS
Characterization of PDMS-DA surfaces
The different surfactants used in this study induced the formation of highly variable surface topographies on the PDMS-DA. SEM imaging demonstrated distinct but consistent surface features on the micron and sub-micron length scales (Fig. 2) . Optical profilometry indicated that the heights of these features varied greatly based on surfactant type. For example, the surface of C18E2 consists of submicron ridges (average 300 nm in diameter and 40 nm in height) with no micron-scale features. Conversely, C12E4 possessed micron-scaled topographies with steep ridges ranging from 20 -30 µm in height and width. The porous features of C18E10 were distinctly bimodal. One group of pores averaged 1.5 µm in depth and diameter while the other group had average measurements of 20 -30 µm. Finally, the C6E2 and C16E2 samples included hierarchies of sub-micron-sized features superimposed on structures that were micrometer length scales. For example, there were nanometer-sized bumps on the C16E2 samples superimposed on 7 -8 µm pores causing it to resemble a combination of the features on the C18E2 and C18E10 samples. Meanwhile, the C6E2 sample had nano-scale bumps on 2 -3 µm ridges.
Taken together, these morphologies probe three distinct aspects of surface morphology: structural motif, hierarchical level, and size distribution. In terms of structural motif, three are represented, bumps, ridges, and pores. They are sometimes presented in combination. Since the film thickness was relatively thin, the number of hierarchical levels is limited to one or two. Finally, the size distributions followed either a unimodal or bimodal distribution. The latter is especially important to compare with the hierarchically structured surfaces. Thus one can distinguish between effects caused by having two different length scales present side by side versus the superposition of two different length scales. The different morphological characteristics of the samples in Figure 2 are summarized in Table 2 . Quantitative characterization of these surface features was used to confirm qualitative observations (Fig. 3) . The roughness of each surface was measured in microns as the root-mean-square of the heights of features on the surfaces. The roughest surface was C12E4 (5.94 ± 0.44 µm) and the values gradually decreased from C18E10 (3.82 ± 0.49 µm), C16E2 (1.30 ± 0.23 µm), C6E2 (0.46 ± 0.01 µm), and C18E2 (0.18 ± 0.06 µm) ( Table 3 ). The dimensionless values of skewness and kurtosis were also included to more precisely describe the surface structure for each group. Skewness was small and negative for all samples, indicating that the surfaces were largely symmetric about the midplane, and that the largest deviations were deep depressions rather than tall protrusions. In order of decreasing skewness, the samples ranked C16E2, C6E2, C18E10, C18E2, and C12E4. Kurtosis was small and positive for all samples, indicating that the surfaces had a more distinct mid-plane relative to a random Gaussian distribution. In order of decreasing kurtosis, the samples ranked C12E4, C18E10, C16E2, C18E2, and C6E2 (Fig. 3). 
ASC morphology
Fluorescent images of phalloidin-stained cells at Day 1 demonstrated that ASCs adopted distinct morphologies on the various surfaces (Fig. 4) . The actin cytoskeletons as well as the overall shape of the cells were clearly observed on both experimental and control surfaces. Cells on the C18E2, C18E10, and flat surfaces displayed well-defined actin filament fibers. In contrast, the staining of the cytoskeletal fibers of ASCs grown on C6E2, C12E4, and C16E2 appeared more diffuse. The overall cell morphology was also distinctly different between surfaces. Increased filipodia-like cell protrusions and reduced cell spreading were observed on C6E2, C12E4, and C16E2 surfaces compared to cells cultured on the control (flat) surfaces via fluorescent stains and SEM images (Fig. 4) . In contrast, increased cell spreading was observed on the C18E2 surface. Measurements of cell area from fluorescent images correlated with these findings.
ASC proliferation
ASC proliferation was quantified by measuring the total DNA content of each sample. In the day 0 samples, taken four hours after seeding, there were no measurable differences across surfaces, indicating that surface features did not affect initial cellular adhesion (Fig. 5A) . However, measurements of DNA content at subsequent time-points indicated that ASC proliferation was affected by the surfaces. The DNA content of C16E2 was similar to the flat control throughout. Cells grown on C18E2 mostly followed the same pattern, but the cell number was slightly higher than control at day 7. In contrast, proliferation on C12E4 was consistently lower than the flat control. It was nearly 40 % at day 4, though the difference was much smaller at day 7 when DNA levels were 92 % of that of the flat surface. Proliferation on C18E10 was also decreased relative to the control at days 1 and 4, but was similar by day 7. Finally, the proliferation of C6E2 was lower than the control at day 1, no different at day 4, and higher at day 7. These results agreed with observations of live/dead stained images from samples at identical time points (not shown). The DNA content at day 7 was considered to be representative of confluence on the surfaces. Plotting DNA content at day 7 against the RMS surface roughness, demonstrated a potential correlation between roughness and proliferation (Fig. 5B ). 
Osteogenic differentiation of ASCs
ASC osteogenic differentiation was quantified as the calcium deposition per DNA content of each surface after 21 days (Fig. 6A) . Proliferation across surfaces was statistically identical with the exception of C6E2, which was 9 % lower than the flat control. Total calcium deposition was notably higher on C6E2, C12E4, and C16E2 compared to the control, with a roughly 30 % increase in normalized mineral deposition relative to the control surface. There was no measurable difference in mineral deposition of C18E2 or C18E10 relative to the flat control. In contrast to the DNA content, the normalized calcium concentration showed no clear trends with respect to surface roughness (Fig. 6B) . Cell area measurements were quantified from phalloidin/DAPI images at day 1. The cell areas on day 1 on C6E2, C12E4, and C16E2 (the surfaces that induced increased mineral deposition) were significantly lower (1810 µm 2 /cell) relative to the flat surfaces as well as C18E2 and C18E10 (3220 µm 2 /cell) (Fig. 6C) . These differences are shown in the comparison of mineral deposition on Day 21 and measured cell area on Day 1 on the respective surfaces (Fig. 6D) . 
DISCUSSION
The aims of this study were to refine the use of FLA technique in generating cytocompatible surfaces with biomimetic topographies and to explore the potential of these surfaces for culturing cells. Specifically, we probed the surfaces using ASCs and determined the effects of topography on ostogenesis. Previous studies showed that FLA offers wide-ranging control of morphology through four primary processing parameters: surfactant type, surfactant concentration, self-assembly time, and film thickness [33] . Each combination of surfactant and concentration defines a unique structural motif, which may include pores, bumps, and ridges. Film thickness and self-assembly time affect gradual changes in the topographical structure. Increasing the film thickness increases the dominant length scale of the surface morphology and the number of hierarchical levels at larger length scales, resulting in an amplification of surface roughness. Increasing the assembly time increases the number of hierarchical levels at smaller length scales, affecting the specific surface area. To make the set of experiments more manageable, we restricted the range of features to cellular and sub-cellular length scales by using only thin PDMS-DA films (7.41 ± 0.03 µm), which precluded the growth of larger features. To further focus the study, the number of groups was limited by employing a single selfassembly time (30 s) and surfactant concentration (10 % w/w). The effects of changes in surface chemistry were minimized by thoroughly removing the surfactants through graded ethanol washes.
Surfactant type was the only processing parameter varied for the study. This generated a variety of structural morphologies that included nanoscale features only, microscale features only, or a combination of the two. For example, C18E2 contained sub-cellular ridges with no micro-scale features. Conversely, the C18E10 samples had only microscopic pores with no sub-micron features. C12E4 also lacked sub-micron features, but its microstructure consists of thin protrusions. C16E2 and C6E2 samples were more hierarchical in structure. For C16E2, sub-micron bumps were superimposed over microscopic pores while C6E2 had submicron bumps superimposed over microscopic ridges. C16E2 combines structural characteristics of C18E2 and C18E10, while C6E2 combines features of C18E2 and C12E4.
The effect of surfactant structure on surface morphology is difficult to predict a priori, but two general rules apply to linear nonionic surfactants of the form CiEj [33] . Surfactants with a hydrophilic-lipophilic balance number (HLB) greater than 10 tend to form bumps due to their positive spontaneous curvature, and surfactants with HLB numbers below 10 tend to form pores [45] . The second general rule is that longer surfactants with i + j ≥ 18 can undergo a buckling instability [33] . In terms of spontaneous curvature, C18E10 was expected to form bumps because it has an HLB number of 12.7. C16E2 and C18E2 were expected to form pores with HLB numbers of 5.2 and 5.6, respectively. C6E2 and C12E4 have roughly neutral curvature with HLB = 10. In terms of buckling, C16E2, C18E2, and C18E10 are sufficiently large to undergo this instability, but it appeared to be suppressed due to the small film thickness.
Although these rules guided our choice of surfactants, the outcomes did not match the predictions in all cases. Deviations are not uncommon, but the small thickness of the films and relatively short self-assembly time chosen for this study were somewhat near the extreme values for these particular parameters. They were somewhat atypical in that respect, and the resulting surfaces might not therefore obey the general rule. The thickness and self-assembly time were held constant for each sample to remain consistent, but they could have just as easily been chosen to create a more typical surface morphology. Note that these particular surfaces are not meant to represent a systematic change in surface structure, but rather to demonstrate that simply changing the surfactant and no other variable is sufficient to generate a wide variety of surface morphologies.
We then examined the effects of these nano-, micro-, and multiscaled topographies on phenotypic changes in ASCs. In stromal/stem cells, these structural differences are detected as changes in mechanical cues and are relayed to the nucleus where they are transduced into changes in gene expression [46, 47] . Consequently, changes in surface features affect stromal/stem cell lineage specification. The complexity of the signaling cascade makes it somewhat challenging, however, to discern what specific cues are directing cell behavior. Dalby et al., found that increased 'randomness' of surface features affected osteogenic differentiation of bone marrow-derived mesenchymal stem cells [48] . Though the current study was limited in its investigation of mechanistic components such as genetic and protein markers, future studies will aim to identify which specific features act as guidance cues and probe the underlying pathways.
The three surfaces that stimulated increased calcium deposition relative to the flat surfaces are C12E4, C16E2, and C6E2. Two of the three surfaces were identified as having a hierarchy of nanoscale bumps superimposed over larger pores or ridges. Although the C12E4 surface primarily had mico-scale ridges, the SEM and optical profilometry data in Figure 2 reveal some nanoscale roughness that may have been sufficient to qualify as a distinct hierarchical level. Interestingly, cells grown on these same three surfaces appeared less spread out compared to cells on control (flat) surfaces as well as C18E10 and C18E2 after just one day of culture. Specifically, the cell bodies of ASCs grown on C12E4, C16E2, and C6E2 appear more compact with long, thin filopodia compared to the broader, spread morphologies of cells on other surfaces. Quantitative assessments suggest a negative correlation between cell area and the extent of mineral deposition, a finding that has also been reported by other groups investigating the effects of topographies on cells [49, 50] . Future studies will aim to assess various metrics of cell shape such as aspect ratio and expand the parameters to a wider range of surfactants to help shed light on the correlation. Promising surfaces such as C16E2 will be studied in depth by modulating surface parameters such as feature size and determining the resultant effects on cell growth and differentiation.
Mounting evidence suggests that hierarchical guidance cues direct the development and functional properties of the nervous [51, 52] , skeletal [53] , and circulatory systems [54] . The FLA technique has great potential to create such hierarchical topographies. In this proof-of-concept study, we demonstrate that topographical surfaces generated by this self-assembly process may be able to modify cellular behavior indicating that FLA-generated hierarchical topography can result in changes in proliferation and osteogenic differentiation relative to a flat surface. In this study, osteogenic differentiation of ASCs on FLA surfaces was assessed with biochemical stimulation since the default pathway for ASCs is not osteoblast formation. In future studies, a more systematic investigation of topographical structures with quantifiable hierarchy will be used to systematically determine its impact on ASC growth and differentiation. By modulating for various levels of hierarchical formation, future studies may also pinpoint the effects of the absence or presence of specific features, enabling FLA to be guided by design.
CONCLUSIONS
This study demonstrated that the novel FLA technique can generate a diverse array of hierarchical topographic features, ranging from simple bumps and pores to complex ridges. Moreover, these features and combinations thereof may be easily designed and controlled by the manipulation of simple experimental parameters such as selfassembly time and film thickness. The resultant surfaces are non-cytotoxic and highly reproducible at a fraction of the cost of surfaces produced using conventional techniques, while achieving a complexity and biomimicry that makes FLA particularly pertinent for use in investigating the effects of nanotopography on cells. Our experiments illustrate that, applied to cell culture, FLA surfaces are not only able to maintain cell viability and growth but can elicit differences in proliferation and osteogenic differentiation of ASCs, suggesting that the technology may be amenable to bone tissue engineering applications. The data also provides preliminary suggestions that FLA may be an effective means for studying the ability of multi-scale topographical features to influence stem cell fate. Future studies will refine the functionality and manufacture of FLA, expand the library of generated surfaces, and further explore the effects of hierarchy and specific features in cell growth and differentiation. In particular, future emphasis will be placed on analyzing the mechanistic rationale for cell responses and using this to design ideal topographies in 3D structures such as scaffolds. In turn, this might provide useful insights and innovative applications of the FLA technique in the fields of tissue engineering and regenerative medicine.
